Context: Adiponectin and leptin are closely related to weight control and energy balance, whereas exercise affects elderly metabolic regulation and functional capacity.
Circulating leptin levels remained unchanged after acute aerobic exercise (19, 20) and decreased (21) or remained unaltered (22) with acute resistance exercise in young adults. However, exercise eliciting significant energy expenditure may decrease plasma leptin (23) . The basal leptin response is attenuated or remains unaltered after endurance training (23) , whereas it decreases with combined resistance and endurance training independently of changes in body composition and weight (24) . The only study that examined the effects of RT on the leptin response in the elderly revealed an up-regulation associated with fat mass reduction (25) .
Adiponectin, an adipose tissue-derived protein, is released into circulation and is inversely correlated with body mass index (BMI) and body fat levels and distribution (26) . Adiponectin levels increased (27) , decreased (28) , or remained unaltered (29) in healthy humans, whereas they increased in patients with cardiovascular or metabolic diseases after aerobic exercise training (26, 30, 31) . However, to our knowledge, there are no data available regarding adiponectin responses to RT in the elderly.
Therefore, the purpose of the present investigation was to study leptin and adiponectin responses and their association with potential metabolic changes 1) after prolonged resistance exercise training and detraining, and 2) as a function of resistance exercise intensity.
Subjects and Methods Subjects
Fifty older men volunteered to participate in a 48-wk training/detraining study. Subjects were recruited from a volunteer database by word of mouth and fliers sent to medical practitioners, physiotherapists, and nursing homes in the local community. Written informed consent was signed by all participants. Procedures were performed in accordance with the Helsinki Declaration for the ethical treatment of human subjects. Ethics approval was given by the institutional review board for human research. The physical characteristics of the subjects are shown in Table 1 .
Inclusion criteria
The inclusion criteria were availability to participate in measurements for 48 wk; complete inactivity before the study for at least 10 yr before the study [maximal oxygen consumption (VO 2 max), Ͻ20 ml/ kg⅐min; score of Ͻ9.0 in the Modified Baecke Questionnaire for Older Adults; Table 1 ] (32, 33); weight stability (Ϯ2 kg) 6 months before entry; absence of restraining orthopedic/neuromuscular diseases; resting blood pressure less than 160/100 mm Hg; no use of tobacco, aspirin, alcohol-containing beverages, or lipid-altering medications; and no history of diabetes (controlled by history, use of medications, and initial screening; fasting plasma glucose, Յ7 mmol/liter).
Study design
A four-group, randomized, repeated measures, controlled trial was employed. During their first visit, subjects were medically screened and had their resting energy expenditures (REE) and anthropometric profiles measured. At the second visit, subjects underwent a progressive diagnostic treadmill test to exhaustion to evaluate their VO 2 max and were given 5-d diet recall forms to complete. Thereafter, subjects underwent two familiarization sessions with RT. During the fifth and sixth visits, fasting blood samples were collected, and maximal strength and exercise energy cost were measured. Thereafter, subjects were randomly assigned to one of four groups: control (C; n ϭ 10), low-intensity RT (LI; n ϭ 14), moderate-intensity RT (MI; n ϭ 12), and high-intensity RT (HI; n ϭ 14). Subjects trained for 24 wk. After training, subjects underwent a 24-wk detraining period in which no exercise training was performed. Blood collection and measurement of strength, REE, exercise energy cost, and VO 2 max were repeated at the end of training and detraining.
Measurements
Anthropometric variables. Height and weight were measured, and BMI was determined using standard procedures (11) . Skinfold thickness was measured sequentially, in triplicate, at chest, biceps, triceps, subscapula, abdomen, suprailiac, calf, and thigh by the same investigator using a skinfold caliper (Harpenden, HSK-BI, British Indicators, West Sussex, UK) and a standard technique (32) . The sum of the eight skinfolds was used as an index of body fatness. Waist and hip circumferences were obtained in duplicate with a Gullick II tape, and the waist to hip ratio (WHR) was determined.
Measurement of VO 2 max. VO 2 max was determined during graded exercise testing using a modified version of the Bruce protocol (32) . An Oxycon Champion pulmonary gas exchange system (Minjhardt, The Netherlands) was used to evaluate the participants' VO 2 max. Oxygen uptake (VO 2 ) was measured continuously via breath by breath analysis with the use of a computerized system. To ascertain that VO 2 max had been attained, standard criteria had to be met (32) .
REE and respiratory quotient (RQ)
. REE and RQ were determined while subjects were in a semirecumbent position in the morning for 45 min after an overnight fast. VO 2 /CO 2 production rates were measured from expired air samples collected via a ventilated hood system (Vmax 29c , Sensormedics). After a 10-min stabilization period, 20 consecutive 1-min measurements were taken and averaged. Energy expenditure was calculated by the Weir equation (34) and expressed per 24 h.
Isotonic strength assessment. Maximal strength (1RM) was measured bilaterally with subjects positioned on leg extension (lower body strength) and lat pull down (upper body strength) equipment (Universal Machines, Irvine, CA) after a familiarization period (control for large early gains in strength due to motor learning and reduce injury risk) using standard procedures (11, 35) . The intraclass correlation coefficient estimated for test-retest trials within the same week was 0.92.
Biochemical analyses
Fasting blood samples were collected at rest (baseline) and after training and detraining. Subjects abstained from physical exercise for the last 48 h before testing. Blood was collected into Vacutainers (Becton Dickinson, Franklin Lakes, NJ) containing SST Gel (Becton Dickinson), EDTA, or heparin and was immediately placed on ice and centrifuged (4 C, 1500 ϫ g, 15 min). The serum or plasma obtained was stored in multiple aliquots at Ϫ75 C until assayed (in duplicate). Serum leptin was determined by an ELISA with a commercially available kit (EIA-2395, DRG, Marburg, Germany) with a 5.9% intraassay precision, a 6.8% interassay accuracy, and a sensitivity of 0.5 ng/ml. Plasma adiponectin was analyzed with a commercially available RIA (Linco Research, Inc., St. Charles, MO), with a 6.9% intraassay precision, a 7.8% interassay accuracy, and a sensitivity of 0.5 ng/ml. Insulin was measured with an immunoassay (Access Immunoassay System, Beckman Coulter, Fullerton, CA), with a 4.9% intraassay precision, a 3.8% interassay accuracy, and a sensitivity of 0.5 U/ml. Glucose was determined by the glucose oxidase method (Sigma-Aldrich Corp., St Louis, MO) with 3.8% and 4.9% inter-and intraassay coefficients of variation, respectively.
Dietary records
Subjects were prescreened by a trained dietician before participation to ensure compliance with the typical American Heart Dietary intake recommendations (five men were excluded based on this criterion) using 5-d diet recalls. Macronutrient composition and energy content were analyzed using the computerized nutritional analysis system ScienceTech Diet 200A (Science Technologies, Athens, Greece) (36) .
Exercise training
Subjects trained under supervision three times per week for 24 wk. After a warm-up (11), subjects trained for approximately 60 min. Blood pressure and heart rate were monitored throughout training and recovery. Subjects executed eight resistance exercises (Universal Machines) selected to stress the major muscle groups in the following order: chest press, leg extension, shoulder press, leg curls, latissimus pull down, leg press, arm curls, and triceps extension: two sets per exercise (wk 1-8) and three sets per exercise thereafter (training intensity was maintained at 45-50% of 1RM in LI, at 60 -65% of 1RM in MI, and at 80 -85% of 1RM in HI; Table 1 ) (32) . The 1RM of each exercise was retested every 4 wk so that resistance could be adjusted properly (11) . There were rest periods of 2, 4, and 6 min between sets (for LI, MI, and HI, respectively) (11) . Participants also performed abdominal crunches and lower back exercises: one set/six repetitions (wk 1-4), two sets/ eight repetitions (wk 5-12), three sets/10 repetitions (wk [13] [14] [15] [16] [17] [18] [19] [20] , and four sets/10 -12 repetitions (wk [21] [22] [23] [24] .
Energy cost of the exercise protocols
Energy expenditure during a single exercise session was determined using a portable indirect calorimetry system (Vmax ST , Sensormedics, Yorba Linda, CA) at baseline, after training, and after detraining. Subjects performed the RT protocol used during training (three sets per exercise) and at the intensity used during training. The analyzer was fitted snuggly about the subject's shoulders using a breathable Velcro shoulder mount. A facemask that covered the mouth and nose of the participant was attached to a bidirectional digital turbine flow meter and fastened on the participant by the use of a mesh hairnet and Velcro straps. Breath by breath O 2 and CO 2 gas exchanges were measured and stored within the unit's computer system (averaged over 20-sec intervals). The energy cost of the exercise program was estimated using a constant value of 5.05 kcal/liter oxygen (32) . Subjects were required to fast for 12 h, engage in no physical activity for 24 h before testing, and be well hydrated and well rested.
Detraining
After completion of the RT program, subjects in LI, MI, and HI were instructed to resume their normal lifestyles and avoid any type of systematic exercise for 24 wk. Subjects were contacted systematically to ensure that they were not engaged in regular exercise. However, eight subjects (three in LI, three in MI, and two in HI) were excluded for excessive activity during detraining.
Statistical analysis
Results were expressed as the mean Ϯ sd. Between-group differences were analyzed by Kruskal-Wallis and Mann-Whitney U tests for continuous variables, and 2 test was used for categorical variables as appropriate. Within-group differences were evaluated by Friedman and Wilcoxon tests. Bivariate correlations were estimated by Spearman test. Partial correlations were performed to estimate the association of leptin and adiponectin responses independent of BMI changes. All tests were two-tailed, and P Ͻ 0.05 was considered significant. Data analysis was performed using SPSS software (version 10.0, SPSS, Inc., Chicago, IL).
Results
Eighty-five men volunteered to participate. Twenty-three men were excluded because they did not meet the selection criteria (five were too frail, 12 had medical or other limitations, and six were too fit), and five declined participation. During training, seven men (two from HI and MI, and three from LI) stopped (missed more than three training sessions or were injured). A 97% compliance was achieved. No differences in aerobic capacity or insulin sensitivity [homeostasis model assessment of insulin resistance (HOMA IR )] were detected between groups (Table 2 ). There were no differences between groups in age, BMI, WHR, skinfold sum, and strength (Tables 3 and 4 ). Mean exercise energy cost (Table  5 ) was significantly lower in HI compared with LI and MI (P Ͻ 0.001).
Changes in anthropometric variables
During training, all exercise groups demonstrated a decrease (P Ͻ 0.01) in BMI (1.2-1.7%; Table 3 ). However, between groups, BMI values were not different. Similarly skinfold sum decreased (1.5-2.9%) in MI and HI (P ϭ 0.04 and P ϭ 0.005, respectively). WHR decreased (P Ͻ 0.05) only in HI after training, but returned to baseline after detraining. BMI and skinfold sum increased (P Ͻ 0.01) in all groups, but reached baseline values only in LI and MI.
Changes in muscular strength
There were no differences in strength between groups at baseline (Table 4) . Leg strength increased (P Ͻ 0.05) in exercise groups after training (48%, 73%, and 99% in LI, MI, and HI, respectively), with HI inducing greater (P Ͻ 0.001) gains than the other groups, and MI being more effective than LI (P Ͻ 0.05). Trunk strength increased in all exercise groups (33%, 70%, and 106% in LI, MI, and HI, respectively), with HI demonstrating greater (P Ͻ 0.05) improvement than the other groups, and MI being more effective than LI (P Ͻ 0.05). Detraining caused a decline (P Ͻ 0.05) in strength in all exercise groups. Specifically, leg strength was reduced in HI (25%), MI (42%), and LI (83%). Trunk strength was reduced (P Ͻ 0.05) in HI (20%), and MI (36%), but returned to pretraining values in LI.
Changes in glucose, HOMA IR , and RQ
Glucose (Table 2 ) declined (P Ͻ 0.05) with training in all exercise groups, with no differences detected between groups. Glucose returned to pretraining levels after detraining. HOMA IR decreased (4 -29%) in all exercise groups (P Ͻ 0.05); the percent decrease was significantly higher in HI compared with the other groups (P Ͻ 0.05). After detraining, HOMA IR increased in all exercise groups (15-39%; P Ͻ 0.05). However, no significant differences were observed between groups in the percent HOMA IR increase. RQ values remained unaltered by both training and detraining.
Changes in leptin and adiponectin levels
Leptin (Table 2 ) decreased (3-19%) with training in all exercise groups (P Ͻ 0.01). However, absolute leptin levels and percent decrease from baseline were higher (P Ͻ 0.001, by Kruskal-Wallis test) in HI compared with other groups. Furthermore, leptin levels after training remained lower in HI even after BMI or skinfold sum adjustment. At detraining, although leptin increased (6 -10%) in all exercise groups, it remained significantly lower (P Ͻ 0.01) than baseline in HI despite the fact that the percent leptin rise was higher (P Ͻ 0.01) in HI. Adiponectin increased in MI (P ϭ 0.03, by Friedman test) and HI (P ϭ 0.006, by Friedman test). After detraining, adiponectin decreased, reaching baseline values only in MI. In HI, adiponectin levels remained higher (P ϭ 0.028) than baseline values.
After training, the percent leptin decrease correlated with the percent BMI decrease (r ϭ 0.6; P Ͻ 0.001), skinfold sum (r ϭ 0.59; P Ͻ 0.001), RMR (r ϭ Ϫ0.58; P Ͻ 0.001), energy cost per training session (r ϭ Ϫ0.59; P Ͻ 0.005), HOMA IR (r ϭ 0.46; P Ͻ 0.01), VO 2 max (r ϭ Ϫ0.35; P ϭ 0.05), and adiponectin (r ϭ Ϫ0.47; P Ͻ 0.05). After adjustment for BMI and skinfold sum changes, training-induced leptin responses correlated with the RMR percent increase (r ϭ Ϫ0.44; P ϭ 0.03 and r ϭ Ϫ0.6; P ϭ 0.002), the HOMA IR percent decrease (r ϭ 0.37; P ϭ 0.04 and r ϭ 0.51; P ϭ 0.003), and the exercise energy cost percent increase (r ϭ 0.59; P ϭ 0.003). The adiponectin percent increase after training was associated with skinfold sum changes (r ϭ Ϫ0.64; P ϭ 0.001), VO 2 max (r ϭ 0.5; P ϭ 0.01), and HOMA IR percent decrease (r ϭ Ϫ0.4; P ϭ 0.05) and was marginally associated with BMI (r ϭ Ϫ0.37; P ϭ 0.07). After adjustment for skinfold sum changes, the association of adiponectin responses with VO 2 max remained significant (r ϭ 0.3; P ϭ 0.05).
After detraining, the leptin percent increase correlated with the BMI percent increase (r ϭ 0.51; P ϭ 0.03) and the RMR percent decrease (r ϭ Ϫ0.59; P Ͻ 0.001) and marginally with the HOMA IR percent increase (r ϭ 0.34; P ϭ 0.056). After adjustment for BMI changes, leptin responses correlated with the RMR percent decrease (r ϭ Ϫ0.46; P ϭ 0.009). Adiponectin responses demonstrated no significant association with either BMI or VO 2 max percent changes after detraining. 
Changes in energy cost of exercise session, RMR, and VO 2 max
During training, the energy cost per training session (Table  5 ) increased (P Ͻ 0.05) in all groups (12.4 -30.6%). The energy cost increase was higher in HI compared with LI and MI (P Ͻ 0.01). REE (Table 2 ) increased (P Ͻ 0.05) in all exercise groups (2.9 -8.6%). The percent increase from baseline was higher (P Ͻ 0.001, by Kruskal-Wallis test) in HI compared with other groups. After detraining, RMR decreased (P Ͻ 0.05) in all exercise groups (1.7-4.7%). In MI and HI, RMR remained higher (P Ͻ 0.05) compared with baseline after detraining. VO 2 max increased (P Ͻ 0.05) in all groups (4.2-10.2%). The VO 2 max percent increase was higher (P Ͻ 0.05) in HI compared with the other groups. After detraining, VO 2 max returned to pretraining values in LI, but remained above (P Ͻ 0.05) baseline in MI and HI.
Discussion
The novel findings of this study are: 1) RT may alter leptin and adiponectin responses of older men in an intensitydependent manner; and 2) leptin and adiponectin traininginduced changes are better maintained when a higher (Ͼ80%) intensity is adapted during the preceded training period.
Leptin responses to training
Leptin is believed to play a crucial role in energy balance (2). It is not certain how circulating leptin reacts to exercise training, because most studies that investigated this association produced conflicting results. Leptin has been shown to decrease after cardiovascular exercise training in type 2 diabetes (37) or healthy controls (38, 39) , especially when exercise was accompanied by conditions of energy deficiency (40) . In contrast, other investigations revealed that cardiovascular exercise training (20 -36 wk) had no impact in circulating leptin levels in older (41, 42) or younger (43, 44) subjects. The relationship between RT and leptin was examined in only one study (25) , which revealed a marked leptin increase. However, in that study subjects ingested megestrol acetate, which stimulates appetite and weight gain in underweight elderly. Therefore, the present investigation is the first to demonstrate a decrease in leptin levels (3-19%) in older men after RT of various protocol configurations. The conflicting results produced by human studies on the relationship between leptin levels and exercise are attributed to the different training protocols used (intensity, volume, duration, subject's initial conditioning status, and energy balance conditions). Short-term exercise protocols may induce little or no effect on leptin levels (38) except under conditions of energy deficiency (40) . Studies that demonstrated a leptin decline after exercise training were mainly confined to untrained populations (43, 44) .
RT counteracts aging-induced deterioration in muscular mass, strength, and power; improves the functional status of older adults (45) ; and reduces frailty in the elderly (11, 14, 15, 45) . However, the association between leptin and RT in older humans has drawn very limited attention. Acute resistance exercise induces a delayed (9 -13 h after exercise) decline in circulating leptin levels (21, 22) . Intense resistance exercise is expected to induce a leptin decline due to elevated glucose uptake by peripheral tissues in the presence of lactate, induced acidosis, augmented sympathoadrenal input and energy expenditure, glycogen depletion, and glycolysis inhibition (22, 46) . Muscle glycogen was not assessed in this study, but similar resistance exercise protocols cause a significant rise in blood lactate (5-to 11-fold), suggesting an increased glycogenolytic rate (22) and a decrease (20 -40%) in muscle glycogen stores (17) . Future studies should address the association of alterations in sympathetic nervous system activity and glucose metabolism with leptin responses after RT. Another mechanism that could explain the training-induced leptin decline is the reduction of body weight and fat as a result of a disruption in balance between energy intake and expenditure. Aging is associated with declines in physical activity and REE and an increase in body fat stores (47) . Exercise training increases total energy expenditure by upregulating the direct energy cost of physical activity and elevating REE, which may lead to decreased body fat stores that ultimately will depress leptin secretion (48, 49) . This response could be partially due to a rise in the norepinephrine appearance rate (48, 50) . The RT-induced leptin decline in the present study was accompanied by decreases in BMI and skinfold sum and significant increases in REE and exercise energy cost independent of intensity. In fact, traininginduced leptin responses correlated with REE and exercise energy cost increase after adjustment for BMI and skinfold sum changes, indicating a possible association among leptin, RMR, and exercise energy expenditure. However, this association does not establish a cause and effect relationship. Furthermore, BMI and skinfold measurement may pose a limitation in the present study as accurate measures of body fat content and lean mass change compared with dualenergy x-ray absorptiometry, computed tomography, or magnetic resonance imaging. BMI is not a very sensitive measure to track body composition changes where lean and fat masses vary in opposite directions, whereas skinfolds lack reproducibility. Hence, it is possible that adjustment for BMI and skinfolds still leaves some residual confounding. Nevertheless, the hypothesis that adipokine changes relate to adiposity changes cannot be rejected.
The training effects on leptin, REE, and exercise energy cost were intensity dependent. Although MI and HI induced a significant change in leptin, REE, and exercise energy cost, HI elicited a more pronounced response in these variables. Repetitive muscular contractions during resistance exercise may generate peripheral feedback signals to the central nervous system, modulating energy requirements (21) . Furthermore, the excess postoxygen consumption and increased energy expenditure produced by resistance exercise of high to moderate intensity (51) may cause a disruption in energy homeostasis resulting in a reduction in the leptin concentration (21) . This is of particular importance, because guidelines for exercise prescription for older adults suggest intensity ranges similar to those used in the present study (32) .
Adiponectin responses to training
Adiponectin has been reported to improve insulin sensitivity and affect carbohydrate and lipid metabolism (52, 53) . In the present study, MI and HI, but not LI, RT increased adiponectin circulating levels.
The adiponectin response to exercise training is not well documented. Adiponectin remained unaltered (29) , increased (26, 27, 30, 31) , or decreased (28) after prolonged endurance training (low to moderate intensity, three to five exercise sessions per week for 10 -24 wk), whereas adiponec- tin responses to RT have not been investigated. An increase in adiponectin after RT may be attributed to an enhancement of insulin sensitivity caused by training. Insulin reduces adiponectin mRNA levels in adipocytes in a dose-and timedependent manner (54), whereas adiponectin increases insulin sensitivity by increasing fat oxidation, reducing circulating fatty acid levels and intracellular triglycerides in liver and muscle (55) . However, there are studies in the literature reporting an unchanged adiponectin response despite a training-induced enhancement of insulin action (29, 56) . In the present investigation, an increase in adiponectin after exercise training was associated with improvement of insulin sensitivity. Interventions that decrease body weight and/or fat may elevate adiponectin levels (26) . Previous work reported that weight loss induced by nutritional and exercise interventions elicited an augmented adiponectin response (29) , indicating that body weight/composition changes may be necessary to increase adiponectin concentration (57) . Marked weight loss (21%) after gastric partition surgery caused a 46% increase in serum adiponectemia (58) .
In the present study, RT induced body weight and fat loss of smaller (2-3%) magnitude compared with that found in previous investigations (26, 29) . As stated, the use of BMI, weight, and skinfolds poses a limitation in accurate assessment of body compositional change, because muscle mass increased and body fat decreased simultaneously in this study. However, even limited weight loss induced by sibutramine (5.4%) and orlistat treatment (2.5%) led to increased serum adiponectin levels (59) . Recently, long-term caloric restriction elicited a minimal weight loss and an enhanced adiponectin response (60) . It is possible that cytokine reduction (TNF-␣ and IL-6) after training and/or weight loss regimens might be responsible for the up-regulated adiponectin responses. Future research should address this hypothesis by studying training effects on gene expression of various adipocytokines in adipose tissue.
Leptin and adiponectin responses to detraining
A 6-month training cessation reversed exercise-induced leptin and adiponectin responses. Both adipocytokines remained significantly different from baseline in HI, suggesting a possible intensity threshold to maintain training-induced adaptations. This is the first attempt to determine resistance detraining effects on adipocytokine levels in the elderly. The leptin change correlated with the detraininginduced REE decrease, revealing an association between these two parameters and indicating that training-induced reductions in body weight/composition due to a disruption in energy balance may lead to leptin attenuation. The fact that body weight/fat and REE remained elevated during detraining suggests that training gains were of sufficient magnitude to preserve positive adaptations in older men. Nevertheless, BMI and skinfold measurements may not assess body composition changes accurately, and dual-energy x-ray absorptiometry would be a more appropriate choice for future studies attempting to determine the mechanisms responsible for leptin and adiponectin changes after exercise training.
Adiponectin remained elevated only in HI during detraining, demonstrating no association with changes observed in body weight, skinfold sum, or REE. The fact that the body weight decline was not completely abolished by detraining in HI may indicate that this exercise protocol could offer a sufficient stimulus for adiponectin to remain higher than pretraining values. It is evident that more work is needed to determine the factors that affect adipocytokine responses to RT and detraining.
In conclusion, RT and detraining alter leptin and adiponectin responses in older men in an intensity-dependent manner. Leptin and adiponectin responses to RT in older males appear to be associated with body weight and/or composition alterations, REE increase, and exercise energy cost elevation.
